Methionine auxotrophic mutants of Methylophilus methylotrophus AS1 expressing a mutant form of dapA (dapA24) encoding a dihydrodipicolinate synthase desensitized from feedback inhibition by L-lysine, and mutated lysE (lysE24) encoding the L-lysine exporter from Corynebacterium glutamicum 2256, produced higher amounts of L-lysine from methanol as sole carbon source than did other amino acid auxotrophic mutants. Especially, the M. methylotrophus 102 strain, carrying both dapA24 and lysE24, produced L-lysine in more than 1.5 times amounts higher than the parent. A singlebase substitution was identified in this auxotroph in codon-329 of the open reading frame of metF, encoding 5,10-methylene-tetra-hydrofolate reductase. We constructed a metF disruptant mutant carrying both dapA24 and lysE24, and confirmed increases in L-lysine production. This is the first report to the effect that metF deficient increased L-lysine production in methylotroph.
Methylophilus methylotrophus AS1 is an obligate methylotroph with a ribulose monophosphate (RuMP) pathway for fixation of the formaldehyde produced by methanol oxidation.
1) The organism was extensively studied in the 1970s and was industrialized for production of a single-cell protein. 2, 3) It has several advantages for industrial exploitation. The growth rate is the highest of any methylotroph, and many genetic tools have been developed for this species. 4) These properties make M. methylotrophus a potentially useful host for the production of many chemicals, including amino acids from methanol. We chose M. methylotrophus AS1 as a host strain to produce L-lysine from methanol.
L-lysine, an important amino acid for livestock, is used mostly as a feed additive, at above 6 Â 10 5 tons per year. It is exclusively produced in a bioprocess employing coryneform bacteria, usually Corynebacterium glutamicum, which produces a large amount of L-lysine from cane sugar and corn starch. 5) In the future, such agricultural crops will be needed to meet the increase in demand for human food, which is expected to cause rises in sugar prices. Methanol has received considerable attention as an alternative substrate in the fermentation industry, since it is relatively inexpensive and of high purity, and is easily handled during transportation and storage. Methanol is produced from natural gas, which can be obtained cheaply on a large scale, and it does not compete for raw materials with human food production.
Motoyama et al. have reported L-lysine production from methanol. They constructed L-lysine producing mutant strains of an obligate methylotroph, Methylobacillus glycogenes, which produced several grams of L-lysine by jar fermentation. 6) Lee et al. constructed an L-lysine-producing strain from the thermotolerant Gram-positive facultative methylotroph Bacillus methanolicus, which overproduced L-lysine at relative high temperatures. 7) Many attempts have also been made at L-lysine production, but the results have not satisfied industrial needs yet.
In previous studies, we characterized the L-lysine biosynthetic pathway in M. methylotrophus and tried to construct an L-lysine producer. [8] [9] [10] The introduction of the L-lysine exporter lysE24, a mutated lysE gene originating in Corynebacterium glutamicum 2256, greatly improved L-lysine production in M. methylotrophus. M. methylotrophus, carrying both lysE24 and dapA24, produced more L-lysine than the parent producer. These results indicate the importance of the factor, lysE24, involved in the excretion of L-lysine on overproduction in M. methylotrophus.
It was known that avoiding feedback inhibition and increasing precursor supply from central metabolism into the L-lysine biosynthetic pathway was very effective in L-lysine production. [11] [12] [13] We have reported that y To whom correspondence shoud be addressed. Tel: +81-44-244-7168; Fax: +81-44-211-7833; E-mail: kouhei ishikawa@ajinomoto.com threonine inhibits aspartokinase acitivity. 8) Methionine, which is not an inhibitor of enzymes in the L-lysine biosynthetic pathway, is synthesized on a pathway branching from the L-lysine biosynthetic pathway. Valine, leucine, and isoleucine are synthesized using pyruvate, which is also utilized in the L-lysine biosynthetic pathway. Hence, to obtain a more prolific L-lysine producer, we tried to obtain these amino acid auxotrophs by MNNG treatment. In this study, we obtained a more prolific L-lysine producer of M. methylotrophus from methionine auxotrophs. It was found that one methionine auxotroph, the metF disruptant strain, produced L-lysine in greater amounts than other amino acid auxotrophs and the parent producer.
Materials and Methods
Bacterial strains, plasmids, and culture conditions. The bacterial strains and plasmids used or created in this work are shown in Table 1 . M. methylotrophus strains were grown on a modified minreral salts medium (SEIIa) at 37 C in test tubes and flasks. 8) Streptomycin (50 mg/l) was used to maintain plasmid pSEA10 in M. methylotrophus.
Mutagenesis. M. methylotrophus cells were mutagenized as previously described with slight modifications. 14) Strain AS1 was grown for 16 h in SEIIa medium to a density of 10 8 cells/ml, harvested, washed, and resuspended at 10 9 cells/ml in 50 mM potassium phosphate buffer (pH 7.0), containing 100 mg/l N-methyl-N 0 -nitro-N-nitrosoguanidine (MNNG). After incubation at 37 C for varying durations, the cells were harvested and washed. They were resuspended in fresh SEIIa medium and grown overnight. They were then spread on SEIIa agar medium containing 1 g/l of each amino acid, methionine, threonine, valine, leucine and isoleucine, for isolation of each auxotroph.
DNA manipulation and transformation. The standard procedures were are described by Sambrook and Russell. 15) Plasmid DNA was isolated from M. methylotrophus using a Wizard Plus Minipreps DNA Purification Systems Kit (Promega, Madison, WI). Restriction enzymes, DNA ligase, Klenow enzymes, and Pyrobest DNA polymerase were purchased from Takara-Bio (Kyoto, Japan). PCR amplification was performed as indicated by the manufacturer (Takara-Bio). Transformation was done by electroporation using a Gene Pulser II electroporation system (Bio-Rad, California, USA). 16) DNA was sequenced with a BigDyeTM Terminator Cycle Sequencing Kit with an ABI model 310A sequencer. DNA sequence analysis was carried out with GENETYX software (Software Development, Tokyo, Japan). Plasmid pSEA10, including both lysE24 and dapA24, was constructed previously. 10) To construct an L-lysine producer, we transformed pSEA10 into the wild type and mutants of M. methylotrophus strains.
Construction of disruption plasmids. The oligonucleotide primers used in this study are listed in Table 2 . They were constructed by genomic data (our unpub- 
The pairs of oligonucleotide primers, met2-1 and met2-2, metZ-1 and metZ-2, metE-1 and metE-2, metH-1 and metH-2, and metF-1 and metF-2 were used for amplification of the inner sequences of met2, metZ, metE, metH, and metF respectively. Each amplified DNA fragment was blunted and kinated with a BKL kit (Takara-Bio), and ligated into pHSG299 digested with HincII, to construct plasmids pDM2, pDMZ, pDME, pDMH, and pDMF.
Construction of disruptant. In the construction of the met2, metZ, metE, metH, and metF gene disruptant strains, plasmids pDM2, pDMZ, pDME, pDMH, and pDMF respectively, were introduced into M. methylotrophus AS1 by electroporation. Plasmids pDM2, pDMZ, pDME, pDMH and pDMF cannot replicate in M. methylotrophus, and homologous recombination occurred between plasmids pDM2, pDMZ, pDME, pDMH, and pDMF and the met2, metZ, metE, metH, and metF gene respectively. Each transformant was selected on SEIIa media containing 1 g/l of methionine and 20 mg/ ml of Streptomycine. 8) Enzyme assay. Homoserine kinase acitivity was assayed by monitoring ADP production by a pyruvate kinase-lactate dehydrogenase coupled assay.
17) The reaction mixture contained 2 mM ATP, 0. Nucleotide sequence accession numbers. The whole genome sequence of M. methylotrophus has been determined (our unpublished data.). The nucleotide sequences of the met2, metZ, metE, metH, and metF genes from M. methylotrophus reported here have been assigned DDBJ accession nos.umbers AB371704, AB371705, AB371706, AB371707, AB371708, respectively.
Results

Derivation of auxotrophs
We tried to obtain methionine, threonine, valine, leucine, and isoleucine auxotrophs by MNNG treatment. Three methionine auxotrophs, mutant strains 101, 102, and 103, were obtained from M. methylotrophus AS1. Three threonine auxotrophs, mutant strains 104, 105, and 106, were obtained from M. methylotrophus AS1. No auxotroph of valine, leucine, or isoleucine was obtained. We tried to obtain mutants that simultaneously require three amino acids, valine, leucine, and isoleucine, for growth. Three mutants were obtained, as mutant strains 107, 108, and 109.
L-Lysine productivity of derived auxotrophs Plasmid pSEA10 was introduced into the wild-type strain and nine strains of auxotrophs to investigate L-lysine productivity. 10) For each transformant, the optimum concentration of required amino acid supplementation on L-lysine production was measured. The optimum amount of methionine in the methionine auxotroph was 0.075 g/l (Fig. 1A) , that of threonine in the threonine auxotroph was 0.2 g/l (Fig. 1B) , and those of valine, leucine, and isoleucine were 0.2 g/l (Fig. 1C) . The optimum concentration of amino acid supplementation was similar to each auxotroph. These optimum conditions were applicable to each auxotroph. We adopted these conditions in the shaking flask experiment.
The growth yields of all auxotrophs harboring pSEA10 were lower than that of M. methylotrophus AS1/pSEA10 (Fig. 2) . Three methionine auxotrophs showed more L-lysine production than the other mutants. Among these, M. methylotrophus 102/pSEA10 produced 1.5 times higher L-lysine concentrations than did M. methylotrophus AS1/pSEA10. The threonine auxotrophs showed lower L-lysine productivity than the parent, and the valine, leucine, and isoleucine auxotrophs showed equivalence with the parent (Fig. 2) .
Methionine biosynthetic pathway of M. methylotrophus M. methylotrophus 102/pSEA10 showed the highest L-lysine productivity. We tried to identify the mutation point of this strain. No methionine biosynthetic pathway has ever been reported in M. methylotrophus. The whole genome sequence of M. methylotrophus has been determined (our unpublished data), and five methionine biosynthetic genes, met2, metZ, metE, metH, and metF were found. We compared each methionine biosynthetic gene in M. methylotrophus with those in well-characterized bacteria, E. coli and Thermus thermophilus. The met2 gene in M. methylotrophus had 38.7% and 40.5% identity with that gene in T. thermophilus and E. coli. The metZ gene in M. methylotrophus had 53.7% identity with met17 gene in T. thermophilus. The metE gene in M. methylotrophus had 56.9% identity with that gene in E. coli. The metH gene in M. methylotrophus had 30.7% and 59.3% identity with that gene in T. thermophilus and E. coli. The metF gene in M. methylotrophus had 45.1% and 40.5% identity with that gene in T. thermophilus and E. coli. There were no genes in M. methylotrophus homologous with metB or metC in E. coli. From these results, we speculated that the methionine biosynthetic pathway in M. methylotrophus is shown in Fig. 3 .
Identification of the mutation point of methionine auxotrophs
The corresponding regions of met2, metZ, metE, metH, and metF in M. methylotrophus 102 were sequenced. A single-base substitution was found in codon- . The auxotrophs cultivated in SEIIa medium supplemented amino acids in the shaking flask condition. Methionine added, 0.075 g/l, for methionine auxotroph, threonine added, 0.2 g/l, for threonine auxotroph, and valine, leucine, and isoleucine added, 0.2 g/l, for valine, leucine, and isoleucine auxotrophs. Three independent fermentations were performed, all three showing comparable results. 329, tgg ! tag, of metF. This amber mutation should lead to disruption of metF. No change was found in met2, metZ, metE, or metH. It was concluded that the mutation in the metF gene should contribute to increases in L-lysine production.
Disruption of methionine biosynthesis genes
We investigated to determine whether this mutation in the metF gene can indeed contribute to higher Llysine production in M. methylotrophus. We constructed knockout strains of met2, metZ, metE, metH, and metF. Disruption of these genes was performed by one-step gene replacement by homologous recombination, using pDM2, pDMZ, pDME, pDMH and pDMF. We named these disruptants, mutant strains DM2, DMZ, DME, DMH, and DMF (Table 1) . Mutant strains, DME and DMH, grew on SEIIa medium without methionine. It was concluded that methionine synthase, encoding metE or metH, should be an isozyme. Mutant strains DM2, DMZ and DMF did not grow on SEIIa medium. These strains required methionine for growth on SEIIa medium.
L-Lysine productivity of the disruptants
We introduced pSEA10 plasmid into all disruptants and constructed an L-lysine producer. M. methylotrophus DM2/pSEA10, M. methylotrophus DMZ/ pSEA10, and M. methylotrophus DMF/pSEA10 produced more L-lysine than the parent L-lysine producer M. methylotrophus AS1/pSEA10 (Table 3) . L-lysine production in M. methylotrophus DME/pSEA10 and M. methylotrophus DMH/pSEA10 was equivalent to that in M. methylotrophus AS1/pSEA10. M. methylotrophus DMF/pSEA10 was the highest L-lysine producer, equal to M. methylotrophus 102/pSEA10. Threonine and glutamaic acid production in M. methylotrophus DMF/pSEA10 was the lowest of all L-lysine producers. It was speculated that carbon flux would go 18) E. coli, 19) and M. methylotrophus. methionine biosynthetic pathway in M. methylotrophus was deduced from genomic identity. Enzymes and gene names are indicated in the figure. Fermentation conditions are given in ''Materials and Methods.'' Fermentation medium: SEII medium supplemented with L-methionine, 0.075 g/l. Three independent fermentations were performed, all three showing comparable results.
forward to L-lysine. It was found that the deficient of the metF gene contributed to increased L-lysine productivity in M. methylotrophus.
Homoserine kinase activity
In order to clarify the cause of the higher L-lysine productivity of the metF disruptant strain, we focused on metabolic intermediates in the met2 disruptant strain, the metZ disruptant strain, and the metF disruptant strain. In the metF disruptant strain, N5-methyl-tetora-hydrofolate is not supplied, and we speculated that homocysteine and O-acetylhomoserine accumulate within the cell (Fig. 3) . Because L-lysine production in the met2 disruptant strain was equal to that in metZ disruptant strain (Table 3) , we predicted that homocysteine would affect L-lysine production in M. methylotrophus. Burr et al. have reported that homocysteine inhibits homoserine kinase acitivity in E. coli. 20) Hence, we examined the inhibitory effect of homocysteine on homoserine kinase acitivity. The relative activity of homoserine kinase was decreased 46.9%, 34.3%, and 23.2% in the presence of homocysteine 2.5 mM, 5 mM, and 10 mM respectively (Table 4 ). These results indicate that homoserine kinase is inhibited in the presence of homocysteine in M. methylotrophus.
Discussion
In Brevibacterium sp., it has been reported that aspartokinase, a key enzyme in L-lysine biosynthesis, is subject to feedback inhibition by threonine, and that the homoserine auxotrophic mutant, in which feedback inhibition on the aspartokinase reaction by threonine was avoided, accumulated considerable amounts of L-lysine. 11, 13) First, we tried to obtain homoserine auxotrophs in M. methylotrophus by MNNG treatment, but we did not obtain any mutant. It was concluded that there are two possibilities. One is that M. methylotrophus does not have a homoserine transporter, and the other is that the hom gene, encoding homoserine dehydrogenase, is composed of an operon with thyA, thymidirate synthase from the genomic sequence of M. methylotrophus. We speculated that the disruption of hom would lead to disruption of thyA. In the event, we failed to construct the hom disruptant mutant by the recombinant DNA technique (data not shown).
In a previous study, we found that aspartokinase is inhibited by threonine in M. methylotrophus. 8) We attempted to obtain the threonine auxotrophs for the purpose of avoiding feedback inhibition of aspartokinase by threonine. Petek et al. have reported that decreasing biomass might allow increased precursor supply from central metabolism into the L-lysine biosynthetic pathway by minimizing the loss of carbon required for cell growth. 12) We targeted methionine, valine, leucine, and isoleucine to obtain amino acid auxotrophs. Methionine is synthesized from aspartic acid as well as L-lysine. Valine, leucine, and isoleucine are synthesized using pyruvate, which is utilized in L-lysine production. It was expected that L-lysine production would increase by shutting the carbon flow to these amino acid biosynthetic pathways. In order to avoid feedback inhibition of aspartokinase from threonine, or to decrease biomass, we tried to obtain these amino acid auxotrophs. In the event, we obtained methionine or threonine auxotroph, but not valine, leucine, or isoleucine auxotrophs. We speculated that the reason was that three steps in these processes of branched chain amino acid formation are catalyzed by the same enzymes, acetohydroxy acid synthase, acetohydroxy acid isomeroreductase, and dihydroxy acid dehydratase. 15) We tried to obtain auxotrophs that required all three amino acid, valine, leucine, and isoleucine, for growth, and succeeded in this.
Our results indicate that the L-lysine producers from methionine auxotrophic mutants produced higher amounts of L-lysine than those from threonine auxotrophs or valine, leucine, and isoleucine auxotrophs. L-lysine production in threonine auxotrophs was the lowest of any auxotrophs. Aspartokinase in M. methylotrophus was moderately inhibited in the presence of 0.5 mM threonine.
8) It was necessary to add more than 1.68 mM threonine for cell growth in threonine auxotroph, but it was speculated that aspartokinase would be inhibited under that condition. We speculated that the affinity for threonine on the threonine transporter in M. methylotrophus should not be very high, and that cells do not regulate threonine concentration within the cells precisely. It was concluded that L-lysine production using threonine auxotrophs is very difficult in M. methylotrophus.
M. methylotrophus 102 harboring pSEA10 produced higher L-lysine than other methionine auxotroph mutants carrying the same plasmid. To determine the mutation point in the M. methylotrophus 102 strain, we estimated the methionine biosynthetic pathway in M. methylotrophus from the genome sequence. It is known that two alternatives to the methionine biosynthetic pathway exist in microorganisms. One is that the transsulfuration pathway involves cystathionine as the intermediate and utilizes cysteine as the sulfur source, the type of E. coli, and another is that the direct sulfhydrylation pathway bypasses cystathionine and uses inorganic sulfur instead, the type of T. thermophi- lus (Fig. 3) . 18, 19) In addition, C. glutamicum has both biosynthetic pathways. 21) We constructed disruptants of methionine biosynthetic genes by the recombinant DNA technique. The met2, metZ, and metF disruptant strains showed methionine auxotrophy, and the metE and metH disruptant strains grew on SEIIa medium without methionine. If M. methylotrophus had two alternative methionine biosynthetic pathways, like C. glutamicum, the metZ disruptant strain would not show methionine auxotrophy. We predicted that the methionine biosynthetic pathway in M. methylotrophus is of the type of T. thermophilus (Fig. 3) .
L-lysine production in the metF disruptant strain was higher than in the other strains. We focused on the metabolic intermediate in methionine biosynthetic pathway, to examine the effect of the metF disruptant in L-lysine production. It has been reported that homocysteine inhibits homoserine kinase activity in E. coli, 20) and we found that homoserine kinase activity was inhibited by homocysteine in M. methylotrophus (Table 4) . If homoserine kinase is inhibited by homocysteine, the accumulation of intracellular threonine, an aspartokinase inhibitor, should be lower. Actually, threonine accumulation in the metF disruptant strain was lower than that in the met2 and metZ disruptant strains (Table 3) . Hence, we speculated that feedback inhibition of aspartokinase by threonine is avoided in the metF disruptant strain, and that L-lysine production is increased.
In this study, we showed the effectiveness of the metF disruptant in M. methylotrophus for L-lysine production. Motoyama et al. and Lee et al. examined L-lysine production using a jar-fermentor with Methylobacillus glycogens and Bacillus methanolicus, and they reported that L-lysine production reached 8 g/l and 47 g/l respectively. We have never attempted the development of a fermentation process using a jar-fermentor with this strain, and L-lysine production in this study came up short as compared with their results. M. methylotrophus has been grown on a large scale and used as a single cell protein (SCP), 2, 3) because it is nonpathogenic and grows very efficiently with methanol. In addition, the use of this bacterium in L-lysine production is thought to be publically unacceptable. We have obtained useful mutations in genes encoding key enzymes of L-lysine biosynthesis in E. coli, 22, 23) and practical fermentation process techniques for amino acid fermentation. [24] [25] [26] We believe that L-lysine production in M. methylotrophus 102/pSEA10 can be further enhanced by the use of our results and techniques.
